Background {#Sec1}
==========

The Coronavirus disease 2019 (COVID-19) pandemic is major threat facing the medical care community. While respiratory failure is the most serious complication in patients with COVID-19, a considerable number of patients develop acute circulatory failure \[[@CR1]\]. In the largest cohort of patients with COVID-19 pneumonia, the incidence of circulatory shock was 30% \[[@CR1]\].

Fluid administration is essential in patients with shock; however, excessive fluid administration in critically ill patients is associated with poor outcomes. Patients with acute respiratory distress syndrome (ARDS) are more likely to be harmed from unnecessary fluid administration. It is generally recommended to maintain a restrictive fluid strategy in patients with ARDS including patients with COVID-19 \[[@CR2]\]. Therefore, careful evaluation of the volume status is essential in these patients.

The commonest type of shock in these patients is distributive shock; however, many reports had shown the presence of cardiac injury which reached an incidence of 12% in patients with COVID-19 pneumonia \[[@CR3]\], and 23% among critically ill patients with COVID-19. Furthermore, a history of cardiac morbidity was reported in 40% of patients who developed COVID-19 pneumonia \[[@CR4]\]. This high prevalence of cardiac injury and/or history of cardiac morbidity among patients with COVID-19 pneumonia increases the need for meticulous fluid management to avoid circulatory overload.

Fluid responsiveness is defined as the ability of the patient to increase the cardiac output (CO) in response to fluid administration. The aim of evaluation of fluid responsiveness is to discriminate patients who will benefit from fluid administration, so that to avoid unnecessary administration of fluids in non-responders \[[@CR5]\].

This short review aims to provide a summarized overview for current challenges for evaluation of fluid responsiveness during COVID-19 pandemic, the available tests for fluid responsiveness, the pros and cons for the commonly used tests, and the recommendations for the most appropriate parameters in these patients.

What are the current challenges with fluid responsiveness during COVID-19 pandemic? {#Sec2}
===================================================================================

The increased role of fluid responsiveness in the latest guidelines {#Sec3}
-------------------------------------------------------------------

Until recently, an initial crystalloid bolus of 30 mL/kg was strongly recommended during resuscitation of patients with septic shock. This recommendation has been recently criticized in favor of individualized approach for fluid management \[[@CR6]\]. The latest sepsis guidelines which were released during the COVID-19 pandemic had removed the 30 mL/kg bolus-recommendation and provided more attention towards the use of dynamic methods for evaluation of fluid responsiveness \[[@CR2]\]. This change in recommendations increases the interest towards fluid responsiveness evaluation as the main method for guiding fluid administration in patients with COVID-19, especially when a conservative approach is the recommended fluid protocol during their management \[[@CR2]\].

The impact of limited resources {#Sec4}
-------------------------------

The use of fluid responsiveness indices during a pandemic requires a special approach towards a balance between the accuracy of the test and its applicability in situations of mass admissions and limited resources. The limited-resource situation during this pandemic is not only due to the lack of equipment nor, medical disposables, but also due to the lack of physician experience with the use of sophisticated monitors. Although the limited-resource situation usually depends on the level of healthcare in the country which is usually related to its income, we believe that a pandemic can produce a limited-resource situation even in developed, high-income countries if the number of admissions exceeded the capacity of their healthcare system \[[@CR7], [@CR8]\].

Evaluation of different tests from the economic point of view differs according to the level of healthcare in the country. For example, in low-income countries, it is rarely to find a real-time CO monitor, because most of these monitors require expensive disposables. The most available tool for measurement of the CO in these settings is ultrasound. Ultrasound is considered relatively economic, because one machine can serve many patients without the need for expensive disposables; however, the use of ultrasound in COVID-19 pandemic might spread infection through contamination of the machine and/or the close contact between the physician and the patient.

The second aspect in the evaluation of different indices in low-resource settings is the feasibility of using with junior staff. The shortage in intensivists was reported during the pandemic \[[@CR7], [@CR8]\]. This shortage was more significant in senior staff. Therefore, the use of ultrasound for measurement of the CO, for example, might not be feasible, because it requires reasonable operator experience; thus, the use of surrogates such as pule pressure would be more practical.

The disease phenotype {#Sec5}
---------------------

The progress of hypoxemia through the course of COVID-19 is divided into two stages. In the early stage of the disease, disruption of pulmonary perfusion increases the vascular permeability and results in lung edema which is represented radiologically by ground glass appearance. In this stage, which is termed as L phenotype, there is a low elastance, near normal lung compliance; therefore, the patient can be ventilated at a tidal volume of 8 mL/kg (i.e., no need for extremely low tidal volume) \[[@CR9]\]. With the disease progress, an advanced stage develops, characterized by neutrophil infiltration, marked edema, and development of lung atelectasis. This late stage of the disease, termed H phenotype, differs from the early stage in the presence of high elastance and low compliance; therefore, patients with the later phenotype are usually ventilated at high positive end-expiratory pressure and low tidal volumes \[[@CR9]\]. As most of the fluid responsiveness tests are influenced by the tidal volume and the positive end-expiratory pressure, discrimination of the patient phenotype is necessary during evaluation for fluid responsiveness.

Right-ventricular failure {#Sec6}
-------------------------

Acute Cor Pulmonale is present in 20--25% of patients with ARDS \[[@CR10]\] and has a major role in hemodynamic instability in these patients \[[@CR11]\]. In patients with COVID-19, right-ventricular failure has two mechanisms: (1) microvascular obstructive thrombo-inflammatory syndrome which results in pulmonary hypertension \[[@CR12]\]; (2) the impact of mechanical ventilation on the right-ventricular function \[[@CR10]\]. The presence of acute Cor Pulmonale would greatly impact the values of fluid responsiveness tests, especially heart--lung interaction methods; therefore, it should be carefully excluded before evaluation of fluid responsiveness.

Factors which determine the best parameter for evaluation of fluid responsiveness during COVID-19 pandemic {#Sec7}
----------------------------------------------------------------------------------------------------------

These factors include: (1) accuracy of the test in ARDS patient; (2) cost of the test; (3) simplicity for use by physician with limited experience; (4) validity of the test in the prone position which is commonly performed in these patients; (5) ability to perform the test with minimal contact with the patients to avoid infection.

Tests for evaluation of fluid responsiveness in COVID-19 {#Sec8}
========================================================

Four main groups for evaluation of fluid responsiveness are available; all of them depend on the application of fluid challenge after which the patient's response is evaluated. These four groups are: (1) real-time heart--lung interaction methods; (2) ultrasound-derived heart--lung interaction methods; (3) preload challenge techniques; (4) preload modifying maneuvers.

Real-time heart--lung interaction methods {#Sec9}
-----------------------------------------

### Overview {#Sec10}

These methods rely on the natural, cyclic changes in stroke volume during the respiratory cycle. Several measures are used under this concept such as pulse pressure variation, stroke volume variation, and plethysmography variability index \[[@CR5]\].

### Suitability during COVID-19 pandemic? {#Sec11}

According to the classification of COVID-19 ARDS, real-time heart--lung interaction methods can only be used in L phenotype, because patients with this phenotype are ventilated at a tidal volume of 8 mL/kg. Whilst, patients with H phenotype are characterized by reduced lung compliance and are usually ventilated at low tidal volumes; both conditions are limitations with the heart--lung interaction methods \[[@CR13]\]. Heart--lung interaction methods are less accurate in the prone position \[[@CR14]\]. The presence of right-ventricular failure is another limitation which should be excluded before interpretation of heart--lung interaction methods \[[@CR10]\]. Some of these measures, such as pulse pressure variation, are also limited by the need to invasive arterial line and special connections which might be deficient in situations of overwhelming number of critical patients (Table [1](#Tab1){ref-type="table"}).Table 1Evaluation of heart--lung interaction methods in detecting fluid responsivenessAccurate in ARDSEconomicCan be interpreted by un-experienced physicianLikelihood to spread infectionPulse pressure variationNoNo (needs expensive disposables)YesLowStroke volume variationNoNo (needs expensive disposables)YesLowPlethysmography variability indexNoYesYesLowUltrasound-derived measuresIn-sufficient dataYes (needs ultrasound machine only)NoHigh*ARDS* acute respiratory distress syndrome

Ultrasound-derived heart--lung interaction methods {#Sec12}
--------------------------------------------------

### Overview {#Sec13}

These methods depend on the cyclic, respiratory-induced changes in the diameter of great veins or the blood flow in large arteries. The commonest vein whom respiratory variations are used for this purpose is the Inferior Vena Cava. Other ultrasound-derived methods include Internal Jugular Vein respiratory variations, aortic velocity, and carotid artery velocity variations \[[@CR5]\].

### Suitability during COVID-19 pandemic? {#Sec14}

Ultrasound-derived methods are non-invasive and relatively economic; however, the use of ultrasound in such a highly infectious disease might transmit infection through the contaminated machine. Furthermore, the close contact between the physician and the patient might expose the physician to infection. Therefore, we believe that the use of ultrasound should be with great caution and better avoided, if possible, during COVID-19 pandemic (Table [1](#Tab1){ref-type="table"}).

Preload challenge methods {#Sec15}
-------------------------

### Overview {#Sec16}

Preload challenge methods are very widely used methods for detecting fluid responsiveness. The most common methods among this category are passive leg raising test, mini-fluid challenge test, and end-expiratory occlusion test.

### Suitability during COVID-19 pandemic? {#Sec17}

Preload challenge tests have many advantages over other categories of fluid responsiveness indices such as the validity in non-paralyzed patients and the accuracy in patients with low lung compliance and right-ventricular failure. These advantages make these tests superior to the heart--lung interaction methods in patients with COVID-19. The mini-fluid challenge test carries, when repeated, the risk of fluid overload. Furthermore, mini-fluid challenge induces a 5% change in the cardiac output; this small change requires a precise CO monitor which might not be widely available during the pandemic \[[@CR15], [@CR16]\]. Therefore, we suggest that the passive leg raising test is more appropriate in patients with COVID-19.

In the prone position, passive leg raising is not possible; furthermore, most of the available methods (namely the pulse pressure variation, the end-expiratory occlusion test, and the tidal volume challenge test) were proven inaccurate \[[@CR17]\]. Trendelenburg maneuver is a good substitute to the passive leg raising test if the patient was in prone position (cut-off value 8% increase in the cardiac index) \[[@CR17]\]. Trendelenburg maneuver is nearly the only measure for fluid responsiveness which showed good accuracy in patients with ARDS in the prone position.

The most important limitation among the preload challenge tests is the need for a real-time CO monitor \[[@CR5]\] which might not be available in resource-limited settings (due to lack of equipment or physician experience). Nevertheless, more simple some surrogates for CO were introduced such as:Pulse pressure (cut-off value 10% increase in the pulse pressure after passive leg raising) \[18, 19\]. Monitoring of the pulse pressure is surely less accurate than monitoring of CO; however, the pulse pressure is easily measured under any circumstances and by any personnel. Pulse pressure is more accurate in ruling-out rather than ruling-in fluid responsiveness.Oximetry-derived perfusion index (cut-off value 9% increase in the perfusion index after passive leg raising test) \[[@CR20]\]. The perfusion index had many advantages such as being a real-time, simple, non-invasive measure which does not require expensive disposables nor sophisticated devices \[[@CR21]\].Capillary refill time (cut-off value 27% decrease in the capillary refill time after passive leg raising test) \[[@CR22]\] (Table [2](#Tab2){ref-type="table"}).Table 2Evaluation of preload challenge tests and preload modifying maneuversAccurate in ARDSEconomicCan be interpreted by un-experienced physicianLikelihood to spread infectionPreload challenge test + CO monitoringYesNo (needs CO monitor)YesLow (unless ultrasound was used)Preload challenge test + perfusion index monitoringYesYesYesLowPreload challenge test + pulse pressure monitoringModerateYesYesLowEnd-expiratory occlusion testYesNo (needs CO monitor)YesLowPreload modifying maneuvers + CO monitoringYesNo (needs CO monitor)YesLow (unless ultrasound was used)Preload modifying maneuvers + perfusion index monitoringYesYesYesLow*ARDS* acute respiratory distress syndrome, *CO* cardiac output, *preload challenge tests* passive leg raising test or mini-fluid challenge test, *preload modifying maneuvers* lung recruitment, sigh maneuver, tidal volume challenge test

Preload modifying maneuvers {#Sec18}
---------------------------

### Overview {#Sec19}

These are relatively recent maneuvers which are performed by inducing a decrease in the stroke volume by increasing the airway pressure \[[@CR15]\]. The lower the stroke volume after the maneuver, the more the likelihood to be fluid responder. Preload modifying maneuvers include tidal volume challenge test \[[@CR23], [@CR24]\], lung recruitment maneuvers \[[@CR25], [@CR26]\], and sigh maneuvers \[[@CR27]\].

### Suitability during COVID-19 pandemic? {#Sec20}

Many advantages favor the use of preload modifying maneuvers in patients with COVID-19 pneumonia such as the accuracy, the absence of fluid overload, the ability to perform in the gray zone \[[@CR23]\], and the validity during low tidal volume ventilation \[[@CR24]\]. However, till now, most of the studies which evaluated these maneuvers were performed in the operating room; thus, extrapolation of their results and cut-off values in critically ill patients with low lung compliance should be performed with caution. The tidal volume challenge test can be used in the patients with L phenotype and not the H phenotype, because it is not suitable in extremely low lung compliance.

The second limitation of these maneuvers is the need to monitor either the CO (which needs equipment and/or experience) or the pulse pressure variation (which needs arterial line and special software). However, De Courson et al. \[[@CR26]\] used the perfusion index as a surrogate for stroke volume during lung recruitment maneuver (cut-off value 26% decrease in the perfusion index after lung recruitment) (Table [2](#Tab2){ref-type="table"}).

A full explanation for the steps of performance of the most relevant tests is provided in Table [3](#Tab3){ref-type="table"}. A detailed stepwise approach for evaluation of fluid responsiveness in COVID-19 pandemic is presented in Fig. [1](#Fig1){ref-type="fig"}.Table 3Summarized steps for performance of the most appropriate fluid responsiveness tests during COVID-19 pandemicTestHow it is performedCut-off valueCommentsPassive leg raising testPlace the patient in the semi-recumbent position at 45°---use the bed adjustment to elevate the lower extremities and lower the head to neutral position---measure CO 1 min after the test---reassess the CO after returning the patient to the semi-recumbent position \[[@CR16]\]↑↑ 10% CO \[[@CR19]\]If CO was not available, pulse pressure, perfusion index, or capillary refill time can be used as surrogates \[[@CR18]--[@CR20], [@CR22]\]Tidal volume challenge testsChange the tidal volume from 6--8 mL/kg---monitor the pulse pressure variation before and after the tidal volume challenge↑↑ 3.5% in pulse pressure variation \[[@CR23], [@CR24]\]Require monitoring of pulse pressure variation (arterial line)Lung recruitment maneuverIncrease the airway pressure to 30 cmH~2~O for 30 s under complete paralysis---measure the stroke volume before and after the maneuver↓↓ 30% in stroke volume \[[@CR25], [@CR26]\]Require CO monitoring---perfusion index can be used as a surrogate to CO \[[@CR26]\]Pulse pressure variationCan be automatically displayed in some monitors---can be calculated manually12% \[[@CR5], [@CR13]\]Suitable in L phenotype, paralyzed patients with normal RV functionRequires an arterial lineTrendelenburg maneuverPlace the patient in the prone position at 13° head-up---use the bed adjustment to change the patient to the Trendelenburg position at 13° head down---measure the CO 1 min after the maneuver \[[@CR17]\]↑↑ 8% CO \[[@CR17]\]The most suitable in prone position*CO* cardiac outputFig. 1Summarized approach for evaluation of fluid responsiveness in patients with COVID-19 and circulatory shock. *CO* cardiac output, *COVID-19* Coronavirus disease 2019, *PI* perfusion index, *PP* pulse pressure, *PPV* pulse pressure variation, *RV* right ventricular, *SV* stroke volume, *SVV* stroke volume variation. \*Lung recruitment maneuver was not previously investigated in the prone position

Summary and conclusions {#Sec21}
=======================

Fluid administration in patients with COVID-19 pneumonia should be properly guided. The choice of an index to guide fluid management during a pandemic with mass patient admissions is challenging. The key factors for choice of a test are the accuracy in patients with ARDS, the cost, the feasibility for application by junior staff, the validity in patients in the prone position, and the compliance with infection control regulations.

Heart--lung interaction methods can be used in patients with L phenotype COVID-19 ARDS. Real-time measures, such a pulse pressure variation, are more appropriate for use during the pandemic compared to ultrasound-derived measures, because contamination of the ultrasound machine can spread infection. The use of real-time heart--lung interaction measures requires a paralyzed patient with normal right-ventricular function. Preload challenge tests are suitable for use in all patients. The passive leg raising test is relatively better than the mini-fluid challenge test, because it can be repeated without overloading the patient with fluids. Trendelenburg maneuver is a suitable alternative to the passive leg raising test in patients with prone position. The use of preload challenge tests is limited by the need to real-time CO monitor. If CO measurement was not possible, the response to the passive leg raising test could be traced by measurement of the pulse pressure, the perfusion index, or the capillary refill time. Preload modifying maneuvers, such as tidal volume challenge, can also be used in COVID-19 patients, especially if the patient was in the gray zone of other dynamic tests. However, the preload modifying maneuvers were not extensively evaluated outside the operating room. Selection of the proper test would vary according to the level of healthcare in the country and the load of admissions which might be overwhelming. Evaluation of the volume status should be comprehensive; therefore, the presence of signs of volume overload such as lower limb edema, lung edema, and severe hypoxemia should be considered beside the usual indices for fluid responsiveness.
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